Semaphorin III/collapsin-1 (Sema3A) guides a speci®c subset of neuronal growth cones as a repulsive molecule. In this study, we have investigated a possible role of non-neuronal Sema3A in lung morphogenesis. Expression of mRNAs of Sema3A and neuropilin-1 (NP-1), a Sema3A receptor, was detected in fetal and adult lungs. Sema3A-immunoreactive cells were found in airway and alveolar epithelial cells of the fetal and adult lungs. Immunoreactivity for NP-1 was seen in fetal and adult alveolar epithelial cells as well as endothelial cells. Immunoreactivity of collapsin response mediator protein CRMP (CRMP-2), an intracellular protein mediating Sema3A signaling, was localized in alveolar epithelial cells, nerve tissue and airway neuroendocrine cells. The expression of CRMP-2 increased during the fetal, neonate and adult periods, and this pattern paralleled that of NP-1. In a two-day culture of lung explants from fetal mouse lung (E11.5), with exogenous Sema3A at a dose comparable to that which induces growth cone collapse of dorsal root ganglia neurons, the number of terminal buds was reduced in a dose-dependent manner when compared with control or untreated lung explants. This decrease was not accompanied with any alteration of the bromodeoxyuridine-positive DNA-synthesizing fraction. A soluble NP-1 lacking the transmembrane and intracellular region, neutralized the inhibitory effect of Sema3A. The fetal lung explants from neuropilin-1 homozygous null mice grew normally in vitro regardless of Sema3A treatment. These results provide evidence that Sema3A inhibits branching morphogenesis in lung bud organ cultures via NP-1 as a receptor or a component of a possible multimeric Sema3A receptor complex. q
Introduction
Lung development during the fetal period involves cell proliferation, migration, branching morphogenesis and cell differentiation, and the ontogenic sequence of these events in lung organogenesis needs to be well coordinated. Lung branching morphogenesis during development occurs in a stereotyped manner, providing a good model for analyzing the molecular and cellular mechanisms of morphogenesis (Serra et al., 1994; Nogawa and Ito, 1995; Shiratori et al., 1996; Hogan and Yingling, 1998) . The development of the lung appears to depend on precise signaling between epithelial cells and mesenchymal cells, and the signaling molecules, both known and unknown, should be in concert with each other in a complex but ordered manners.
SemaphorinIII/collapsin-1 has been well documented as an axon guidance molecule mediating repulsive and inhibitory navigation of neurons (Kolodkin et al., 1993; Luo et al., 1993; Wright et al., 1995) . SemphorinIII/collapsin-1 potently induces growth cone collapse of a speci®c subset of neurons and has been characterized most extensively at the molecular and cellular levels (Fan et al., 1993; Kolodkin et al., 1993; Luo et al., 1993; Wright et al., 1995; Goshima et al., 1995 Goshima et al., , 1997 Goshima et al., , 1999 Goshima et al., , 2000 . SemaphorinIII/ collapsin-1 is assigned to the secreted type of semaphorin class 3 and is now termed Sema3A. The semaphorins share a Sema domain, a region of sequence conservation spanning about 500 residues, which is potentially important for the function of the proteins. Neuropilin-1 (NP-1) has been shown to be a receptor, or a component of a receptor, for Sema3A Kolodkin et al., 1997) . NP-1 and NP-2, an NP-1-related protein, are expressed by developing neuronal and non-neuronal cells, and each of these NP subtypes is expressed in a pattern that is roughly non-overlapping (Chen et al., 1997; Giger et al., 1998) . Both NPs and the semaphorin family members have been expressed in neuronal and non-neuronal tissues including the lung, heart and bone (Luo et al., 1993; Behar et al., 1996; Takahashi et al., 1997; He and Tessier-Lavigne, 1997; Kolodkin et al., 1997; Giger et al., 1998) , and this suggests a possible role of NP and semaphorin interaction in the morphogenesis of non-neuronal as well as neuronal tissues.
In an attempt to characterize the components of the collapsin-1/Sema3A pathway, we analyzed a Xenopus laevis oocyte expression system and isolated a collapsin response mediator protein (CRMP-62) from chick dorsal root ganglion. CRMP is an intracellular protein, and seems to be required for Sema3A signaling (Goshima et al., 1995) . CRMP-62 shares homology with the C. elegans protein UNC-33 (Goshima et al., 1995; Li et al., 1992) . In the rat, rCRMP-1, -2, -3 and -4 have been isolated, being differentially expressed almost solely in the nervous system (Wang and Strittmatter, 1996) . CRMPs are also referred to as TOAD-64 (turned on after division, 64 kDa) DRP (DHP related protein), and Ulip (Unc-33-like phosphoprotein) (Minturn et al., 1995; Hamajima et al., 1996; Byk et al., 1996; Kamata et al., 1998) . Of these, rCRMP-2 is most closely related to chick CRMP-62 and is the most widely expressed CRMP within the nervous system. The only exception of the neuronal speci®city of CRMP expression is a barely detectable level of lung rCRMP-2 with Northern blot analysis (Wang and Strittmatter, 1996) .
In addition, several small cell lung cancer cell lines exhibit homozygous deletions in chromosome region 3p21.3 where Sema3A-related secreted semaphorins, Sema3B and human Sema3F, are located (Roche et al., 1996; Sekido et al., 1996; Xiang et al., 1996) . This raises the possibility that some members of the semaphorin family could function in regulation of cell motility, proliferation and differentiation during morphogenesis and/or tumorigenesis in the lung.
All of the above ®ndings suggest a possible role of an interaction between Sema3A and NP-1 in the development of the fetal lung. In the present study, we have investigated fetal and adult mouse lungs with immunohistochemistry for Sema3A, NP-1 and CRMP-2, and examined the effect of Sema3A on branching morphogenesis in the explant culture of fetal mouse lung. We have further investigated whether there exist phenotypic changes in branching morphogenesis and responsiveness to Sema3A in lung tissues from neuropilin-1 (np1) mutant mice. A preliminary report of this work was presented elsewhere (Kagoshima-Maezono et al., 1998) .
Results
2.1. Immunohistological localization of Sema3A, NP-1 and CRMP-2 in embryonic and adult lungs
To explore possible role of Sema3A and its receptor NP-1 in lung branching morphogenesis, we tried immunohistochemical detection for Sema3A, NP-1 and CRMP-2 in developing lung. In the embryonic lungs, Sema3A immunoreactivity was weak in the developing epithelium of embryonic day 12 (E12) mouse (data not shown). In E14 mouse, Sema3A immunoreactivity was strong in the terminal airway epithelial cells, but was weak in the large airway epithelial cells (Fig. 1A) . Sema3A immunoreactivities were seen in the bronchiolar and alveolar epithelia in the lungs of late gestational and adult periods (Fig. 1C) . A slight but signi®cant Sema3A immunoreactivity was detected in endothelial cells of bronchiolar arteries (Fig. 1C) . NP-1 immunoreactivity of fetal lung epithelia was weak in E12 (data not shown), and was strongly positive in the developing alveolar epithelial cells in late fetal days (Fig. 1D) . The NP-1 immunoreaction in the adult lungs was predominantly seen in the alveolar cells, but not in the bronchiolar cells (Fig. 1E,F) . Endothelial cells showed immunohistochemical staining for NP-1 (data not shown). CRMP-2 immunoreactivity was seen in the terminal airway epithelium by E14 (Fig. 1G,H ). In the fetal and adult lungs, nerve tissues and airway neuroendocrine cells were positively stained for CRMP-2. With serial sections stained for CRMP-2 and calcitonin gene-related peptide (CGRP), CRMP-2-positive airway epithelial cells gave positive CGRP-immunoreactivity (data not shown), and the CRMP-2-positive airway epithelial cells are considered to be neuroendocrine cells. Positive CRMP-2 immunoreactivity in pulmonary neuroendorine cells suggests a kind of neuronal phenotype expression of this cell type, as neuroendocrine cells share common neuronal phenotypes (Ito, 1999) . In the negative control sections, no speci®c immunohistochemical reactions were obtained, and peptide competition control immunoreactions were non-speci®c for Sema3A (Fig. 1B) and CRMP-2 (data not shown).
RT-PCR for Sema3A and NP-1 and Western blot analysis for CRMP-2
Semiquantitative RT-PCR revealed the presence and developmental changes of mRNA for Sema3A and NP-1 in fetal and adult lung tissue. Each of the PCR products showed a single band, which corresponded to the size predicted for the corresponding transcript. No speci®c products for RT-PCR reaction without reverse transcriptase were detectable by gel electrophoresis (Fig. 2) . The pro®le of the reactions appeared to decrease with age in Sema3A and increase with age in NP-1. The expression of lung Sema3A was highest at E12 and decreased by 95% in the adult. On the other hand, the expression of NP-1 appeared to be upregulated at E14, and thereafter became relatively constant, with the highest expression in the adult. Intensities of b-actin product were similar among the tissue samples tested. In Western blot analysis of CRMP-2, expression of CRMP-2 in the lungs increased with development, which roughly paralleled the level of the message of NP-1 (Figs. 2  and 3 ). We con®rmed that there was no staining in the presence of the CRMP peptide antigen (Goshima et al., 1995) .
2.3. Dose-dependent reduction by Sema3A in the number of terminal buds of fetal mouse lung explant Using lung explant culture of the developing lung, we investigated the effects of Sema3A on branching morphogenesis. Before cultivation, the lungs of E11 mice have a few terminal buds originating from the lobar bronchi. In serum-free medium, the lung explants grew and terminal buds increased with culture (Fig. 4A) . The number of terminal buds in the cultured lung explants was fewer with Sema3A treatment than that without Sema3A (Figs. 4 and 5). We also con®rmed the effect by use of puri®ed recom- binant Sema3A (data not shown). Bromodeoxyuridine (BrdU) immunohistochemistry, however, revealed that the BrdU-positive DNA-synthesizing fraction was similar among the explants regardless of Sema3A treatment ( Fig.  5A ,B). In order to determine a functional role for NP-1 in mediating Sema3A signaling, we have employed sNP-1, a soluble NP-1 lacking the transmembrane and intracellular region (Goshima et al., 1999) . When combined with Sema3A, sNP-1 signi®cantly attenuated the reduction in the number of terminal buds induced by Sema3A (Fig. 6 ). Conditioned medium from mock-transfected cells alone produced no effect on lung branching morphogenesis, and did not affect Sema3A-induced change in the number of terminal bronchial buds (Fig. 6 ). These ®ndings suggest that sNP-1 competes for the same binding site on Sema3A as does the receptor mediating inhibition of branching morphogenesis. The simplest explanation is that the receptor for Sema3A is NP-1. Exogenous sNP-1 alone, however, produced no effect on the number of terminal branches (Fig.  6 ), which was an unexpected result. Since exogenous Sema3A inhibits branching morphogenesis of embryonic lung, exogenous sNP-1 alone should promote branching. Although the exact reasons were unknown, it might be possible that the concentrations of sNP-1 that are required to block the effect of endogenous Sema3A were higher than those required to perturb the effect of exogenous Sema3A. Indeed, sNP-1 blocks the effect of exogenous Sema3A to induce growth cone collapse of dorsal root ganglia (DRG) neurons in a competitive fashion (Goshima et al., 1999) .
2.4. Morphology of the lungs from np1-mutant mice and failure of Sema3A to reduce the number of terminal bronchial buds in explant culture of fetal lung from np1 homozygous null mice
To further con®rm whether NP-1 mediates the effect of Sema3A, we employed explant culture of lung from neuropilin-1 (np1) homozygous null animals. In the np1 homozygous null animals (np1 (2/2)), the lung was smaller and the number of branches in the left lungs was signi®cantly lower than that in the wild-type (np1 (1/1)) and heterozygous np1 mutant (np1 (1/2)) animals ( Fig. 7) : mean^SD for the number of branches was 2.43^0.77 in np1 (1/1), 2.41^0.73 in np1 (1/2), and 1.86^0.66 in np1 (2/2) fetal lungs, respectively (P , 0:01, and P , 0:05, when compared to np1 (1/1) and np1 (1/2); n 14±35). After cultivation with Sema3A (10 units/ml), the increase in the number of terminal buds was not prominent in the lung explants from np1 (1/1) and (1/2) mice relative to that with vehicle control. In spite of the smaller number of branches before cultivation in the np1 homozygous null animals, the lung explants from the np1 (2/2) animals grew normally in vitro: the relative number of terminal buds of np1 (2/2) fetal lung after cultivation was similar to that seen in np1 (1/1) or (1/2) lung (Fig. 8, open  column) . Addition of Sema3A to the culture media did not reduce the number of terminal buds of the lung explants from np1 (2/2) animals (Fig. 8) .
Discussion
We present the ®rst evidence of a non-neuronal effect of Sema3A in developing fetal lungs. Sema3A negatively regulated lung morphogenesis with doses which were comparable to those to induce growth cone collapse in chick sensory neurons (Goshima et al., 1995) . This inhibitory effect was mediated by NP-1, because blocking NP-1 binding sites on Sema3A with sNP-1 prevented Sema3A-induced inhibition of branching morphogenesis. Furthermore, the present study clearly demonstrated that Sema3A failed to affect branching morphogenesis in culture of lung explant from np1 homozygous null mice. These results indicate that NP-1 is an essential cell surface component that mediates Sema3A-induced inhibition of branching morphogenesis of the fetal lung.
Immunohistochemical and immunoblot analysis using anti-Sema3A, -NP-1 and -CRMP-2 antibodies and a semiquantitative RT-PCR method for Sema3A and NP-1 mRNAs revealed that the mouse lungs had at least three components which are considered to be essential for the Sema3A-signaling (Goshima et al., 1995; He and TessierLavigne, 1997; Kolodkin et al., 1997; Kitsukawa et al., 1997) . Our ®ndings are consistent with the data on Northern blot analyses for Sema3A (Luo et al., 1993) , NP-1 (Takagi et al., 1991; Kawakami et al., 1996) and CRMP-2 (Wang and Strittmatter, 1996) in lung tissue. Sema3A alkaline phosphatase fusion protein (Sema3A-AP) has been used as a probe to label NP-1 Kolodkin et al., 1997; Takahashi et al., 1997) . High levels of staining with Sema3A-AP are present throughout the developing lung (Takahashi et al., 1997) . In the present immunohistochemical study, Sema3A immunoreaction was detected in the terminal airway epithelial cells, and in the bronchiolar and alveolar epithelia of the adult lung. NP-1 levels rose dramatically during development, while Sema3A levels were high in the early stages and then fall to nearly undetectable levels in later stages. Sema3A immunoreactivities were seen in the bronchiolar and alveolar epithelia, while NP-1 immunoreactivities were mainly seen in alveolar epithelium, but not in the bronchiolar cells. These distribution patterns of Sema3A and its receptor NP-1 suggest that airway epithelial cells secreting Sema3A make a concentration gradient of Sema3A to the peripheral region, and could function in lung morphogenesis and maintenance of alveolar tissue. CRMP-2 immunoreactivity was also detected in developing and adult alveolar epithelium in parallel with NP-1 immunoreactivity, thereby further suggesting that alveolar epithelial cells are responsive to Sema3A. As discussed below, an alternative view is that NP-1 has two roles during lung development: an early role in branching morphogenesis as a receptor for Sema3A, and a later role in vascularization as a receptor for VEGF (Soker et al., 1998) .
Branching morphogenesis could be regulated by many factors, which can induce cell proliferation activity or cell motility. The observed effects of Sema3A in fetal lung development appeared not to be due to a direct action on epithelial growth, because Sema3A did not affect the BrdUpositive DNA-synthesizing fraction. In contrast, several other growth factors affect proliferation and/or induce apoptosis (Serra et al., 1994; Shiratori et al., 1996) . Transforming growth factor b (TGFb) has been demonstrated to inhibit expression of N-myc and negatively regulate lung development (Serra et al., 1994) . The inhibition of branching morphogenesis by TGFb is accompanied by inhibition of DNA synthesis in epithelium and accumulation of extracellular matrix, both of which are considered to cause inhibition of lung bud formation. On the other hand, keratinocyte growth factor (KGF) and acidic ®broblast growth factor stimulate proliferation and differentiation of alveolar epithelial type II cells via KGF receptor, but inhibit branching morphogenesis of fetal lung (Shiratori et al., 1996) . These ®ndings imply that differentiation and growth activity of lung cells affect branching morphogenesis. In addition, our present study suggests that factors that inhibit or facilitate chemotaxis or cell migration could exert negative or positive regulatory function in branching morphogenesis of developing lung: Sema3A potently inhibits growth cone motility by causing actin-depolymerization (Fan et al., 1993) , and it is possible that Sema3A modulated migration or motility of epithelial cells, and inhibited branching morphogenesis in the fetal lung. This idea is compatible with a recent ®nding that Sema3A affects on cell migration of endothelial and neural crest cells (Miao et al., 1999; Eickholt et al., 1999) . Interestingly, hepatocyte growth factor (HGF), a scattering factor that enhances cell motility (Ohmichi et al., 1998) promotes lung branching morphogenesis.
NP-1 and Sema3A immunohistochemical reactions were detected both in the alveolar epithelial and endothelial cells. This observation suggests that the Sema3A-NP-1 system perhaps play a roles in branching morphogenesis in early fetal days, and NP-1 may be additionally involved in other biological activities such as alveolar vascularization at the later stage. In fact, NP-1 also acts as an isoform-speci®c receptor for vascular endothelial growth factor 165 (VEGF 165 ), a major regulator of angiogenesis (Soker et al., 1998; Kawasaki et al., 1999) . VEGF 165 binds to both NP-1 and kinase domain containing receptor (KDR) with a similar high af®nity of a 100-pM range. KDR appears to be the major transducer of VEGF signals in endothelial cells that result in chemotaxis, mitogenicity, actin reorganization, and gross morphological changes in target cells. When coexpressed in cell with KDR, NP-1 enhances the binding of VEGF 165 to KDR and VEGF 165 -mediated chemotaxis (Soker et al., 1998) . Although there are no reports concerning the effect of VEGF on branching morphogenesis in fetal lung explant, lung acinar tubules are decreased and type I alveolar cell differentiation is inhibited when VEGF is overexpressed in developing alveolar epithelial cells under the control of the promoter from the human surfactant protein C gene (Zeng et al., 1998) . Very recently Sema3A has been shown to inhibit the motility of vascular endothelial cells, probably by a competitive inhibition of Sema3A against VEGF 165 -induced cell motility (Miao et al., 1999) .
The molecular mechanisms and signaling pathway by which Sema3A inhibits branching morphogenesis are unknown. We have analyzed a Xenopus laevis oocyte expression system in an attempt to characterize components of the collapsin/Sema3A response pathway, and isolated CRMP-62 (chick CRMP-2) from chick DRG (Goshima et al., 1995). Although its mechanisms of action remain illde®ned, CRMP-2 is required for Sema3A-induced growth cone collapse in the DRG (Goshima et al., 1995) . Our present study provides the ®rst immuno-histochemical evidence that the lung CRMP-2 is localized in alveolar epithelial and neuroendocrine as well as neuronal cells. Although it remains to be determined that CRMP-2 also mediates Sema3A-induced inhibition of branching morphogenesis of the lung, there is strong evidence in the form of the expression of CRMP-2 and NP-1 in the developing and adult alveolar epithelia and the expression pro®le of these molecules during lung development to support the idea that the NP-1-CRMP system could also play a role in the lung alveolarization and in maintenance of the alveolus. Similar parallel and dynamic changes of NP-1 and CRMP-2 expression levels are seen with the regenerating primary olfactory nerve after axotomy (Pasterkamp et al., 1998) . Despite the expression of CRMP in neuroendocrine cells, however, NP-1 was not detected in this cell population. This may imply that CRMP-2 plays a role other than that of a protein mediating response initiated by binding of Sema3A to NP-1 (Goshima et al., 1995) .
Studies of the sema3A-and np1-targeted animals have revealed that these genes are critical for peripheral nerve formation Kitsukawa et al., 1997) . We observed, however, no remarkable morphologic abnormalities in the lung of sema3A-de®cient mice (data not shown). Although our present ®nding on the Sema3A action may present a novel mode of action on lung branching morphogenesis, the phenotype in sema3A-de®cient mice argues against the idea that only Sema3A exerts a unique function in the fetal lung. The lung expression of other semaphorins such as Sema3C and Sema3F, together with their receptor components NP-1 and/or NP-2 has been reported (Puschel et al., 1995; Eckhardt and Meyerhans, 1998; Chen et al., 1997; Giger et al., 1998; Encinas et al., 1999) . Moreover, we detected mRNA expression of these molecules in the developing lung of normal mouse embryo (Kagoshima et al., unpublished observation). Because of the highly related molecular structure of class 3 semaphorins, these molecules may compensate for the function of Sema3A in sema3A-de®cient mice. On the other hand, in the np1 homozygous null mice, retarded lung morphogenesis was detected. It is possible that other NP-1 ligands are more important in lung morphogenesis, because np1 (2/2) lungs are mildly abnormal, while sema3A (2/2) lungs are normal. In fact, we have recently found that other type 3 semaphorins such as Sema3C, which binds to either NP-1 or NP-2, promote branching, while Sema3A inhibits it (data submitted). Regulation of branching morphogenesis by semaphorins in the developing lung may thus depend on the balance between these counteracting actions of multiple semaphorins.
Alternatively, since the lung explants from the np1 homozygous null mice appeared to grow normally for 2 days in vitro, this abnormal development of the lung is perhaps not manifested by the lack of Sema3A-NP-1 signaling, but is rather secondary to systemic circulatory disturbance associated with cardiovascular abnormalities, which are probably caused by the absence of VEGF-NP-1 signaling (Kitsukawa et al., 1997; Soker et al., 1998) . More recently, NP-1 and plexin 1 have been demonstrated to form a stable receptor complex for Sema3A Tamagnone et al., 1999) . It will thus be interesting to know whether plexins are also involved in the effects of semaphorins on lung branching morphogenesis.
In conclusion, Sema3A negatively controls fetal lung branching via NP-1. This provides a novel regulatory system for branching morphogenesis in the developing lung. The expression of Sema3A, NP-1 and CRMP-2, and the inhibitory effect of Sema3A on branching morphogenesis suggests that developing lung tissue or the epithelial cells may provide a useful model to investigate mechanisms by which Sema3A and other semaphorins exert their biological actions during development of neuronal and nonneuronal tissues.
Experimental procedures

Animals
ICR mice were purchased from Japan SLC (Shizuoka, Japan). To obtain fetal lungs, mice were mated during the night, and the day of the discovery of the vaginal plug was counted as fetal day (E) 0. For studies of expression of Sema3A, NP-1 and CRMP-2, fetal (E12, E14, and E18), neonatal, and adult (6 week old, male) lungs of ICR mice were used. For organ culture, lungs from E11.5 mice were Fig. 8 . Effect of Sema3A (10 units/ml) on lung branching morphogenesis of fetal lung explants of mice with different np1 status (E11.5). Note that the number of branches is reduced signi®cantly in the lung explants from np1 (1/1) and np1 (1/2) mice by treatment of Sema3A, but no apparent effect of Sema3A on the lung explants from np1 (2/2) mice. Data are meanŜ D from at least ®ve experiments. a P , 0:05, b P , 0:02 when compared to corresponding control.
used. Mice de®cient for np1 were generated using homologous recombination techniques as described previously (Kitsukawa et al., 1997) .
Immunohistochemistry of embryonic and adult mouse lungs
Immunohistochemical detection in embryonic lung in vivo was performed as described (Ito et al., 1997) . Brie¯y, at E12, E14, and E18, six pairs of fetal lungs at each gestational day, lungs from 6 neonatal mice, and lungs from 6 adult male mice were ®xed in a phosphate-buffered 4% paraformaldehyde solution (pH 7.3) for 3 h at room temperature. The ®xed tissues were washed in a phosphate buffered solution, embedded in OCT compound, and frozen with liquid nitrogen. Frozen sections were incubated overnight at 48C with a goat polyclonal antibody against Sema3A (Santa Cruz Biotechnology, Santa Cruz, CA, USA) and rabbit polyclonal antibodies against NP-1 ( Kawakami et al., 1996) and against chicken CRMP-2 (Goshima et al., 1995) . After washing in the phosphate buffer, sections were incubated with biotinylated anti-goat (for Sema3A staining) and anti-rabbit (for NP-1 and CRMP-2 stainings) IgG (Chemicon, Temecula, CA, USA), and treated with uorescein isothiocyanate-conjugated avidin (Sigma). Background staining with tetramethylrhodamine isothiocyanate-conjugated phalloidin (Sigma, St. Louis, MO) was also added. They were then mounted with a p-phenylenediamine and glycerol mixture and observed in an epi¯uor-escent microscope and a confocal laser microscope equipped with argon ion and helium neon lasers (LSM GB200UV; Olympus, Tokyo, Japan). To clarify localization of the immunoreaction for Sema3A and the related antigens, serial frozen sections were made, and were stained immunohistochemically for these three antigens in combination with immunohistochemistry for Clara cell, non-ciliated bronchiolar cell, with a rabbit polyclonal antibody against Clara cell 10 kDa protein (generous gift from Dr G. Singh), and for CGRP with a rabbit polyclonal antibody (Amersham International, Little Chalfont, UK) to detect neuroendocrine cells. Negative controls were performed by applying nonimmune sera to all pertinent subclasses of immunoglobulin. In addition, for the Sema3A and CRMP-2 immunohistochemistry, the antibody preincubation with the corresponding peptides was substituted for the active antibodies against Sema3A and CRMP-2. P] dCTP and forward/reverse primers (200 nM, for NP-1; 1 mM, for Sema3A; 2 pM, b-actin). After 3-min denaturation at 948C, ampli®cation was done in a DNA Thermal Cycler (Perkin-Elmer Cetus, Norwalk, CT) under the following conditions: denaturation at 948C for 30 s, annealing at 558C (for Sema3A and b-actin) or 658C (for NP-1) for 30 s, and extension at 728C for 90 s. We determined the optimum number of cycles for each primer set so that the speci®c product was ampli®ed during the exponential phase of ampli®cation. Based on the results of preliminary studies, 20 cycles were used for NP-1 and Sema3A, and b-actin was ampli®ed for 15 cycles. Negative control reactions performed without RT yielded no detectable fragments with any primer pair. The PCR product was separated by 4% acrylamide-7 M urea gel electrophoresis and quantitated by analysis on Bio-image Analyzer System BAS 2000 (Fuji Photo Film, Tokyo, Japan). PCR ampli®cation was performed under conditions of linearity for each individual primer set.
Immunoblot analysis
The crude samples from fetal, neonatal and adult lung tissues were homogenized, and were separated by 10% SDS-PAGE (10 mg of protein/lane) and electrophoretically transferred to PVDF ®lter (Millipore, Bedford, MA, USA). The ®lter was preincubated in blocking buffer [10% non-fat dry skim milk in Tris-buffered saline (TBS), pH 7.6 and 0.3% (w/v) Tween-20] at 48C overnight, followed by incubation with anti-CRMP-2 antibody (Goshima et al. 1995) diluted 1:6000 in blocking buffer for 1 h at room temperature. After washing with TBS containing 0.3% Tween-20, the ®lter was incubated with horseradish peroxidase (HRP)-conjugated anti-rabbit IgG (Kirkegaad and Perry Laboratories, Gathersburg, MD, USA) in blocking buffer for 1 h.
The blot was developed by enhanced chemiluminescence ECL (Amersham) and exposed to Hyper®lm ECL (Amersham).
Recombinant Sema3A and sNP-1
Recombinant Sema3A and sNP-1 were prepared as described previously (Goshima et al., 1999) . Twenty micrograms of the expression vector encoding Sema3A, sNP-1, or vehicle control vector was transfected to human embryonic kidney 293T cells grown on 150 mm dishes by calcium phosphate co-precipitation. The transfection medium was replaced by serum free medium after a 4-h incubation. Conditioned medium (20 ml/plate) was harvested after 5 days of culture, and was concentrated 100-fold by membrane ®ltration using stirred cell (type 8050, Amicon). To obtain puri®ed Sema3A, expression vector DNA for Sema3A(His)6 was transfected into HEK293T cells, and the conditioned medium was applied to a 0.75-ml Nicontaining resin (Talon; CLONTECH). The column was washed with 5 ml of 20 mM Tris±HCl, pH 8.0, and 0.5 M NaCl. Sema3A activity eluted primarily in the 50 mM imidazole fraction. One unit of Sema3A was de®ned as the amount required in a 1-ml culture to collapse 50 % of growth cones of chick dorsal root ganglion neurons (Goshima et al., 1995) .
Lung organ culture and immunohistochemistry
At E11.5, eight pregnant mice were anesthetized, their gravid uteruses were excised, and all fetuses were removed. The lungs and tracheas were taken from the fetuses aseptically under a stereomicroscope for culture. Totally, 60 pairs of lung with trachea (15 pairs in each experimental group) were placed on Transwell collagen membrane (0.4 mm pore size and 24.5 mm diameter; Corning-Costar, Cambridge, MA, USA) and cultured in chemically de®ned medium (Fitton-Jackson modi®cation BGJb, GIBCO-BRL) containing 0.2 mg/ml ascorbic acid and 50 units/mg penicillin/ streptomycin with or without recombinant Sema3A (0, 3, 10 and 30 units/ml) for 2 days in culture. The concentrations of Sema3A used were slightly higher than but comparable to those used in DRG growth cone collapse assay (Goshima et al., 1995) . Before harvesting the explants, bromodeoxyuridine (BrdU; Sigma) was added in the culture medium at the concentration of 50 mg/ml. Phase-contrast micrographs were taken at the start and at the end of culture. The number of terminal buds in the left lungs was counted before and at the end of cultivation, and the number of terminal buds (the number of buds at the end of the culture/the number of buds at the beginning of the culture) was calculated. After culturing, the tissues were ®xed with buffered paraformaldehyde for 1 h at room temperature. For BrdU immunohistochemistry for detecting DNA-synthesizing cells in the explants, the ®xed explants were embedded in OCT compound and frozen. Frozen sections, pretreated with 0.5 mg/ml pepsin in 4N HCl at room temperature for 10 min, were incubated with a mouse monoclonal antibody against BrdU (Sigma) at 48C overnight, and labeled with FITC-conjugated antimouse IgG and with nuclear staining by propidium iodide (Sigma). BrdU-labeling index in the epithelium at the terminal bud was calculated as the percentage of positively stained nuclei after more than 500 nuclei were counted in the region.
To investigate the possible involvement of NP-1 in the action of Sema3A on lung branching morphogenesis, we employed sNP-1 lacking the transmembrane and intracellular region as described previously (Goshima et al., 1999) . Forty lung pairs from fetal day 11.5 (ten each in experimental groups) were cultured with and without Sema3A (at the concentration of 10 units/ml), with sNP-1 (at 1:20 dilution) and with both of them. After cultivation for 2 days, the relative number of terminal buds was calculated.
Lungs from np1 mutant mice
As np1 homozygous null fetuses cannot survive as late as E12.5 (Kitsukawa et al., 1997) , we obtained fetal lungs of the mice with np1 (1/1), (1/2) and (2/2) at E11.5 and the lung explants were cultured for 2 days with or without Sema3A (10 units/ml). The number of branches in the left lungs from the mice with various genotypes was evaluated before and after culture. Genotype analysis for np1 was performed by the PCR method (Kitsukawa et al., 1997) . The numbers of the pairs of lungs examined was 19 (11 without Sema3A; eight with Sema3A) for np1 (1/1), 35 (20 without Sema3A; 15 with Sema3A) for np1 (1/2), and 14 (nine without Sema3A; ®ve with Sema3A) for np1 (2/2). For morphological analysis, fetuses of the mice with np1 (1/1), (1/2) and (2/2) at E12 were obtained, ®xed in paraformaldehyde, and embedded in paraf®n. Transverse section of the fetuses was stained with hematoxylin and eosin.
Statistics
The values gained in these experiments were subject to un-paired t-test for analyzing signi®cance. A P value of below 0.05 was considered statistically signi®cant.
